Abstract-This paper studies the processing of poly(dimethylsiloxane) (PDMS) surfaces using dielectric barrier discharge (DBD) plasma in two different assemblies, one using the primary plasma jet obtained from a conventional DBD and the other using a DBD plasma jet transfer. The evolution of water contact angle in the function of plasma processing time and in the function of aging time as well as the changes in the surface roughness of PDMS samples for both plasma treatments have been studied. The vibrational and rotational temperatures are compared for both plasmas and for the first time the vibrational temperature (T vib ) for the transferred plasma jet has been shown to be higher as compared with the primary jet. The increment in the T vib value seems to be the main reason for the improvements in adhesion properties and surface wettability for the transferred plasma jet. Possible explanations for the increase in the vibrational temperature are presented.
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I. INTRODUCTION
A TMOSPHERIC pressure plasmas have received considerable attention in recent years due to their versatility, easiness of operation, and low cost compared with plasmas in vacuum environment [1] , [2] . Cold atmospheric pressure plasma jets are characterized by low temperature that is especially important for modification or activation of surfaces of soft materials such as polymers or biological tissues, without damaging them [3] - [6] . Dielectric barrier discharge (DBD) plasma is a kind of atmospheric pressure plasma in which the discharges are produced between two electrodes with at least one of them covered with a dielectric material (glass or ceramic in most cases) [7] , [8] .
In microfluidics and biomedical applications, the poly(dimethylsiloxane) (PDMS) polymer is widely employed due to its flexibility, chemical inertness, thermal stability, and low cost. However, its low surface energy limits its adhesion properties, and surface activation by plasma treatments or chemical processing is frequently used in particular to improve its hydrophilicity [9] - [13] .
The mechanisms concerning the improvement of adhesion to polymer surfaces by plasma processing are currently under study and may involve surface cleaning and activation, surface functionalization, and modification of surface morphology [14] - [16] . There is a correlation between the water contact angle (WCA) and adhesion properties, with lower contact angles resulting in better adhesion, that is an indicative of the better surface wettability, as observed in a number of works [17] - [19] . Modifications in the polymer surface roughness that can be associated with better adhesion were also observed for various polymeric materials treated with plasmas [15] , [20] - [22] . For the case of PDMS, earlier works reported changes in the surface morphology and/or creation of functional groups in the surface after treatments using atmospheric pressure plasmas with different gases [10] , [12] , [13] , [23] - [26] . It was reported that atmospheric pressure plasma jets change the surface chemistry of PDMS replacing methyl groups (Si-CH3) by hydrophilic silanol groups (Si-OH), and also reducing its surface roughness [10] , [24] , [25] .
Studies of transfer of plasma jets using atmospheric pressure plasmas started with Lu et al. [27] when they discovered that a plasma plume was able to ignite a secondary plasma discharge inside a dielectric tube with a He gas flow passing through it. More recently, Kostov et al. [28] started to study the transfer of plasma jets using a conducting wire inside a long plastic tube and demonstrated the possibility of generating a plasma jet remotely at the output of a plastic tube with no ignition of plasma inside it. Thereafter, Kostov et al [29] developed an application of this technique for microbial decontamination, and in a recently conducted study, Xia et al. [30] have shown that the velocity of plasma bullets from a transferred plasma jet increases with the increment of the length of the conducting wire and the plastic tube.
In this paper, we analyzed the differences in the treatment of PDMS surfaces when a primary plasma jet or a transferred plasma jet is applied. The primary plasma jet is produced using a DBD device that was built using a 5C22 thyratron valve and a ferrite transformer [6] , [13] , [31] . We observed that the processes of reduction and recovery of WCA after the processing by these two types of treatment are much different. Using the transferred plasma jet to treat the surfaces, the WCA reduction is faster and its recovery is slower than using the primary plasma jet, resulting in better adhesion between two similar PDMS samples for the former. For the first time we report here that the vibrational temperature (T vib ) obtained in the transferred plasma jet is significantly higher than that obtained in the primary jet, and it seems to be the main reason 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. for the improvements in adhesion properties and wettability of the processed surface. We propose also a correlation between the vibrational temperature of the plasma jets and the tensile strength supported in adhesion between two PDMS samples: the higher the T vib value, the higher the tensile strength supported. The changes in the vibrational temperature when switching from one assembly to other are probably related to the increase in the rate in which the electromagnetic field energy is transferred into the energy of vibrational states.
II. VIBRATIONAL EXCITATION IN N 2 PLASMAS
In DBD plasmas, there are several processes that can change the number density of N 2 molecules in vibrationally excited states, increasing the vibrational energy of the gas: collisions with electrons, collisions with metastable atoms and ions, energy transfer by collisions between vibrationally excited molecules, and conversion of vibrational energy in translational and/or rotational motion of the molecules [32] - [35] .
In the energy diagram shown in Fig. 1 [37] , [38] .
Comparing the energy levels of N + 2 ions with those of He M and Ar + (see Fig. 1 ), we can infer that the helium gas is likely to be the best choice in order to produce a plasma with a high degree of vibrational excitation.
III. EXPERIMENTAL PROCEDURE
The experimental setups used to treat PDMS samples with the DBD plasmas are shown in Fig. 2 . Fig. 2(a) shows the scheme for treatments using the primary plasma jet, and Fig. 2(b) shows the scheme for the case when the transferred plasma jet is used.
In the plasma device, a continuous gas flow is injected inside the poly(vinyl chloride) (PVC) tube and high-voltage pulses are applied to the electrode inside the glass tube. A primary plasma discharge is formed in the region between the glass tube and the PVC tube producing a plasma jet leaving the tube exit of 10 mm in diameter, which is used for surface treatment of the PDMS samples. For the transferred plasma jet configuration, an additional adapter to change the opening of the PVC tube is used to attach a flexible plastic tube, with a flexible conducting Cu wire inside it, to the opening of the PVC tube. The conducting wire is covered with plastic (polyethylene, 1.0 mm thick) and only the tipsare exposed. The tip of the conducting wire does not touch the glass tube or any other parts of the DBD device, so that the primary plasma only touches. There is no plasma formation along and inside the plastic tube. The plasma jet that leaves the plastic tube starts to form at the end of the conductor. In the experiments for WCA evaluation in function of plasma treatment time and its recovery with aging time, for measurement of the plasma effects on the surface roughness and for adhesion tests, the lengths of the plastic tube and conducting wire used were 100 and 99.0 cm, respectively. Another set of plastic tube and conducting wire with 150-and 149-cm length was also used for measurements of WCA reduction and recovery.
The voltage applied to the electrode was 15 kV in all three assemblies when He gas was used, and it was 30 kV when the N 2 gas was used (at lower voltages no stable discharges were produced for the N 2 ). The gas flow rate used to treat PDMS samples was the same for all assemblies and gases used, fixed at 4 L/min. The PDMS used was a commercial type (BISCO HT-6240, 250 μm thick). This PDMS does not require a surface cleaning or any other pretreatments to be used-we just remove the protective layer and perform the plasma treatment. The dimensions of the samples were 15 mm × 15 mm.
One of the most noticeable differences between the two assemblies is in the diameter of the plasma jet and thus the area that can be treated with each plasma jet. In all the cases, the plasma jet spreads over the surface when in contact with it. However, due to the greater diameter, the primary plasma jet can treat a surface area larger than that can be treated using the transferred plasma jet. Furthermore, when performing the surface treatment of PDMS, the samples were placed at a distance of d=3 mm from the end of the PVC tube when the primary plasma jet was used, and the same distance d from the end of the plastic tube was adopted when the transferred plasma jet was used. In all the cases, we observed that the plasma jets were able to cover the entire samples, but the transferred plasma jet presented a coverage of the surface not as homogeneous as the primary plasma jet offered. The surface treatment made using N 2 gas provides a coverage similar to that with He gas.
For the WCA measurements, to evaluate the PDMS surface wettability, we used a commercial photo camera and the ImageJ2 software [40] .
In order to measure the tensile strength supported in adhesion between two similar PDMS samples, both samples were exposed to plasma treatment for the same time interval. Then, after the treatment the two parts were pressed against each other immediately and allowed to cure for two days at room temperature. After this period, tests were conducted to determine the tensile strength supported by the adhesion between samples. The setup adopted for the adhesion tests is shown in Fig. 3 . The back sides of samples (that were not treated by plasma) were pasted with an epoxy-based commercial glue to the heads of stainless steel screws of 15 mm in diameter and an increasing tensile force F was applied until the adhesion failure (samples detachment) [13] .
The vibrational temperatures were determined using the SpecAir software [41] and measurements of spectral emissions were performed using an Andor 303i spectrometer equipped with an iStar DH720 iCCD detector and a 1200 lines/mm grating. A 150 lines/mm grating was also used in order to get an overview of the entire spectra. The light emitted by the plasmas was collected with a lens and transported to the spectrometer through an optical fiber.
IV. RESULTS AND DISCUSSION
One of the main differences between the primary discharge plasma and the transferred plasma jet that we found was on the values of the vibrational temperature that can be obtained with each assembly. Fig. 4 shows how the T vib values, using He as working gas, behave as a function of the lengths of the conducting wire and plastic tube. The T vib value obtained for the transferred plasma jet has the highest value (3650 ± 50 K) for the smallest length (10 cm) of the set conducting wire + plastic tube. T vib tends to be stable until the length reaches 100 cm. After this, the T vib values are reduced tending to a stable value, 3400 ±50 K, for longer lengths.
Another significant difference between the primary discharge and the transferred plasma jet is the power delivered to each plasma. In our previous work [13] , we measured the power delivered to the primary plasma jet and we found that it was equal to 7.8 ± 0.6 mW, using He gas, and 10.6 ± 1.1 mW using N 2 gas, when operating at six plasma pulses per second. That power calculations were made using a well-known method, measuring simultaneously, in one plasma pulse, the voltage applied on the electrode and the current across a shunt resistor [42] . When working with the transferred plasma jet, we were not able to measure the current across the shunt resistor, because the signal to noise ratio was very low in this case, which means that the current is much lower in this case making the power estimates unfeasible. Fig. 5 shows how the voltage measured at the end tip of the conducting wire changes as a function of the length of the set plastic tube + conducting wire. As we can see in Fig. 5 , the voltage at the end tip of the conducting wire is much lower than the voltage applied to the electrode (15 kV). That voltage decreases very fast when the lengths of conducting wire and plastic tube are increased from 10 to 100 cm. For longer lengths, the reduction of the voltage is very slow, tending to a stable value. These results are very similar to that obtained by Kostov et al [28] .
Considering the reduction of the current across the shunt resistor and the decrease of the voltage in the conducting wire, we can expect the power delivered to the transferred plasma jet to be considerably smaller than for the case of the primary plasma jet. We also can expect the power delivered to the transferred plasma jet does not change significantly for lengths of plastic tube and conducting wire longer than 100 cm. Further studies are being conducted in order to determine correctly the power delivered to the transferred plasma jet in our device.
In order to evaluate the effect of plasma on the surface wettability, the WCA at the PDMS surfaces were measured before and immediately after the treatments. Fig. 6(a) shows the WCA as a function of the treatment time for samples treated with He plasmas using the primary plasma jet, the transferred plasma jet whose length of plastic tube is equal to 100 cm, and the transferred plasma jet with 150 cm of tube length. The curves of recovery of WCA with aging time for PDMS samples treated for 90 s using all assemblies are shown in Fig. 6(b) . The frequency of plasma pulses used to treat the samples was 60 Hz in all the cases. The T vib value of each plasma jet is indicated in the figures.
As can be seen in Fig. 6(a) , WCA values tend to decrease monotonically with processing time in all the cases, but the fastest WCA reduction were observed when transferred plasma jets were used, where the time needed to reach the minimum WCA value (∼10°) was at least 25% lower than in the case of the primary discharge. Fig. 6 (a) also shows that better results are achieved with plasma jets with higher T vib values.
In Fig. 6(b) , we can see that the curves of WCA recovery with aging time are also quite different. When the primary plasma jet was used, the WCA values starts to rise fast from 10°to 40°in ∼10-20 min, followed by slower increase to 60°i n 2 h. When the transferred plasma jets were used, in both the cases, the WCA values rise more slowly in the first 2 h and require 2 h more to reach the value of 60°. In general, in the first 2 h after the treatments, the WCA values for the samples treated with transferred plasma jets are at least two thirds of those for the samples treated with the primary plasma jet. As in the WCA reduction, the WCA recovery is also influenced by the vibrational temperature of the plasma jet, with higher T vib values leading to better results.
Using the primary and the transferred plasma jets, we can say that the latter improved strongly the wettability of the PDMS surface in relation to the former comparing the reduction and recovery of WCA values.
The processes of reduction and recovery of WCA are related to chemical changes in the PDMS surface. In the case of atmospheric pressure plasmas, it was reported that the surface treatment replaces methyl groups (CH 3 ) by OH radicals that are hydrophilic by nature, which results in the reduction of WCA [24] , [25] . Then, looking to Fig. 6(a) , we can see that the transferred plasma jet outperforms the primary jet in the efficiency of the PDMS surface functionalization. The hydrophilic surface state is known to be unstable in air [43] and the WCA recovery begins immediately after the end of plasma treatment in all the cases. However, likely due to the larger density of OH radicals created in the PDMS surface with the transferred jet, the hydrophilic state remains active for a longer time when compared with the treatment made with the primary discharge.
It is known that the vibrational energy of molecules plays an important role in chemical reactions, being more efficient in the activation of surface reaction as compared with the translational energy [44] , [45] . Then, it is expected that higher vibrational temperatures in the plasma lead to a betterenforcement of the surface treatment, being more effective to remove methyl groups from the PDMS surface.
Since during the recovery process, the WCA does not reach its initial value of 90°during relatively long periods of time [ Fig. 6(b) ], it is likely that there is also a significant contribution of the reduction in the surface roughness to the decrease of WCA.
Using atomic force microscopy (AFM), we analyzed the surface morphology of PDMS samples before and after the treatment with He plasmas of primary discharge and transferred jet (100 cm). Fig. 7(a)-(c) shows AFM images of PDMS samples treated using the primary plasma jet; the samples were treated with (a) 20 plasma pulses, (b) during 30 s (∼1800 plasma pulses), and (c) 5 min (∼18 000 plasma pulses), respectively. Fig. 7(d)-(f) shows the AFM images of samples treated with the transferred plasma jet with 100-cm length: 20 plasma pulses in (d), 30 s (∼1800 plasma pulses) in (e), and 5 min (∼18 000 plasma pulses) in (f). Finally, Fig. 7(g) shows the sample that was not treated with plasma. Different samples were used for obtaining the AFM images. It can be seen that the surface roughness starts to change strongly (the surface becomes much flatter) when just a few plasma pulses are applied [ Fig. 7(a) and (d) ] and continues to change drastically with plasma treatment for longer processing times [ Fig. 7(b) and (c) and (e) and (f)]. The data of the root-mean-square (rms) surface roughness (R q ) obtained for all surfaces are presented in Table I , where it can be seen that already the minimum number of pulses reduces strongly the surface roughness in both sets used. It is important to observe that the reduction of surface roughness is much faster than the reduction of WCA, as can be seen from comparison with Fig. 6(a) .
Moreover, although the surface roughness does not change so fast with time of treatment after the strong initial reduction, the surface morphology continues to change significantly as increasingly smaller scale features appear [compare Fig. 7(a)-(c) and Fig. 7(d)-(f) ], resulting in continuous increment of the surface area.
In general, when the surface roughness is considered, there are no significant differences between the PDMS surfaces treated with the primary or transferred plasma jets, in striking contrast to the evolution of WCA for both the cases [ Fig. 6(a) ]. This indicate that for the changes in the surface morphology, the vibrational energy is a less important parameter, and the translational energy may be the mainly responsible for the roughness reduction. Furthermore, the measurements of tensile strength supported in adhesion between two similar PDMS samples were made following the procedure described in Section III. For relatively long plasma treatment of the PDMS surfaces, the tensile strength supported in the adhesion was difficult to evaluate for both the cases, because the adhesion failures were observed first for interfaces between PDMS and metal screws, since the glue used was found to support a tensile strength not exceeding ∼2.0 kgf/cm 2 . In other words, the tensile strength required for samples detachment in most experiments was greater than 2.0 kgf/cm 2 . In order to reveal the differences in the treatment with the primary plasma jet and the transferred plasma jet, additional tests were performed by applying only 20 plasma pulses to each PDMS sample, in this case, the adhesion failures were observed first at the PDMS-PDMS interfaces. Fig. 8 shows the results of measurements of the tensile strength supported in adhesion between two PDMS samples treated using the primary plasma jet and transferred plasma jet with the set plastic tube + conducting wire of 100-cm length, using helium as the working gas (denoted as He and He-TJ, in Fig. 8) . Fig. 8 also shows the tensile strength supported in the case where the surface treatment was made with the primary plasma jet using nitrogen gas to create the plasma (N 2 in the Fig. 8) . The values of the tensile strength shown in Fig. 8 were obtained as an average for five samples for each case. Furthermore, Fig. 8 shows, for each type of plasma, the vibrational temperatures calculated using the plasma spectra. A correlation of the tensile strength results with the vibrational temperature can also be seen. The values obtained for the vibrational temperatures were 2300, 2800, and 3600 K, for N 2 , He, and He-TJ, respectively, with estimated errors of 50 K in all the cases.
As we can see in Fig. 8 , the best result (maximum tensile strength) for adhesion was obtained for the treatment made with the transferred He plasma jet (1.85 ± 0.10 kgf/cm 2 ), followed by the primary He plasma jet (1.64 ± 0.11 kgf/cm 2 ) and finally by N 2 primary plasma jet (1.31 ± 0.16 kgf/cm 2 ).
The rotational temperatures of the plasma jets were also measured, and similar values (400 ± 50 K) were obtained for both the primary and transferred He plasma jets. Thus, the rotational temperature (T rot ) that is known to be approximately equal to the gas temperature (T gas ) in nonthermal plasmas [46] - [48] is not related with the improvements in adhesion and fastest WCA reduction obtained with the transferred plasma jets.
The rotational and vibrational temperatures of the plasmas were measured comparing the experimental and simulated emission spectra. The spectra were obtained acquiring the light emitted by a large volume of plasma, integrated along the line of sight through the center of the plasma column. It is known that the spatial inhomogeneity of plasma can affect the spectral line shapes and their intensities. Modifications of line shapes can affect the rotational temperature measurements while variations of the line intensities can change the vibrational temperature measurements. The temperatures obtained using the integral light of the whole volume of plasma are then assumed to be averaged values for these temperatures in the plasma.
An overview of the emission spectra obtained for the primary and transferred plasma jets is shown in Fig. 9 . The spectra are accumulated emissions of 1000 plasma pulses acquired using a 150 lines/mm grating. Regarding the species found in the emission spectra, we can see that there are no noticeable differences between the primary and transferred plasma jets. In both the cases, there are many line emissions of molecular N 2 (N 2 I), two line emissions from molecular N + 2 ion (N 2 II), with relatively weaker intensities from molecular ions in the case of transferred jet, and emissions of OH radical are also present. Then, the changes in the surface properties of PDMS after plasma treatments cannot be assigned to chemical changes in the plasma but to changes in its physical properties. As an additional information (not shown in this paper), no significant differences were found between spectra of transferred plasma jets with different lengths of the set plastic tube + conducting wire.
Considering the balance of vibrational energy in the plasmas, the conservation equation for vibrational energy of excited nitrogen molecules E vib (T vib ) can be written as [49] , [50] 
where E 0 (T gas ) is the equilibrium energy, α v is the rate in which the electromagnetic field energy is transferred into the energy of vibrational states, U E is the electromagnetic field energy, and τ VT (T gas ) is the vibrational-translational relaxation time.
If we assume that the deviation from the thermal nonequilibrium is small, for the nonequilibrium vibrational energy, we can write [47] 
where N is the gas number density, and hν 0 is the energy of the nitrogen vibrational quantum. From (2), we can see that the vibrational energy increases with the vibrational temperature. In order to analyze the reason for the increase of the vibrational temperature when the transferred plasma jet is used, we are not interested in the time variation of the vibrational energy with time and we can assume d E vib /dt = 0 in (1). Since there is no significant difference in the gas temperature between the primary and transferred plasma jets, we can analyze just the case
Since N does not depend explicitly on the vibrational temperature, we can rewrite (3) as
The voltage in the transferred plasma jet (V T ) is lower than that in the primary plasma jet (V P ) as discussed previously, which causes a reduction in the electric field energy (U E /N). Then, we can infer that the reason for the increase in the vibrational temperature in the transferred plasma jet is that α v term increases by a factor larger than the U E /N ratio decreases. The increase in the rate α v implies the increase in the average time that molecules remain in the higher energy states. In other words, a larger population of molecules must be Plots of experimental and simulated emission spectra used to estimate rotational and vibrational temperatures for (a) primary and (b) transferred plasma jets.
in the higher vibrational states. An evidence of this is shown in Fig. 10 that shows N 2 I emission lines (second positive, C 3 u -B 3 g transitions) in the spectral range from 365 to 385 nm from both the plasmas. The comparison between experimental and simulated curves was used to estimate the rotational and vibrational temperatures for nitrogen molecules. However, Fig. 10 also shows the population distribution over the vibrational energy levels. The energy of the vibrational levels increases from peaks 1-4. As we can see in Fig. 10 , the population of higher energy levels (peaks 2-4) is systematically higher in comparison with the population of the lowest energy level (peak 1) when we compare the primary plasma jet with the transferred one (I 2 /I 1 values are equal to ∼0.65 and ∼0.55, I 3 /I 1 are equal to ∼0.20, ∼0.12, and so on). This can be considered as an indication that the α v term (the rate in which the electromagnetic field energy is transferred into the energy of vibrational states) is significantly higher for the transferred jet.
V. CONCLUSION
The main findings of this paper are that when using a transferred plasma jet instead of the primary jet discharge, a higher vibrational temperature was obtained, and this results in significant improvement of the polymer surface treatment and its adhesion properties. The other parameters that might be considered are plasma power, flux of reactive species, and the other temperatures associated with the plasma (rotational, translational, and electron temperatures). We saw that the plasma power delivered to the transferred plasma jet is lower than that of the primary plasma jet. The spectrum obtained in both the plasmas showed that there are no noticeable differences between the species found in the plasmas. It is unlikely that the electron temperature has some effect on surface modification. The rotational temperature remained unchanged when changing from one to another plasma, and since we have T rot ≈ T gas , the translational temperature also remained unchanged.
The result in the WCA reduction and recovery after processing shows that the use of transferred plasma jet is more advantageous for the treatment of PDMS surfaces, because it reduces the time required to reduce the WCA to its minimum value and retards the recovery of WCA.
There is also a correlation between the tensile strength supported in adhesion and the vibrational temperature of the plasma jet used to treat the PDMS surfaces. The adherence between surfaces and the tensile strength seems to increase with the plasma vibrational temperature.
In the surface treatment with plasma, the plasma vibrational temperature is unlikely to induce significant changes in surface roughness, but, according to the WCA curves, with higher vibrational temperatures presenting fastest WCA reductions, it plays an important role in the surface activation and creation of functional groups, likely to be responsible for the improved adhesion.
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